Introduction
Type I collagen is a principal extracellular structural protein in vertebrates that mediates deposition of the mineral, apatite, in normal bone, calcifying tendon, dentin and cementum as well as in numerous examples of pathological calcification. The precise mechanism of mineral formation by type I collagen remains undefined, however. Several lines of evidence, both in vitro and in vivo, support the importance of type I collagen in the onset and progression of mineralization. For example, classical studies of collagen molecules in metastable calcium phosphate solutions demonstrate that normal collagen-mineral interactions occur only if the protein assumes its native structure [Schmitt, 1956; Glimcher and Krane, 1968] , and conventional electron microscopy of mineralizing vertebrate tissues shows an intimate and specific structural association between type I collagen and early forming apatite crystals [Robinson, 1952; Robinson and Watson, 1952; Glimcher and Krane, 1968] . The charge distribution of the composite peptide chains of type I collagen can be correlated with a characteristic microscopic pattern of positive staining of the protein, a result leading to the possibility that such charged sites serve as centers for apatite formation [Chapman, 1974; Chapman and Hardcastle, 1974] . More recent high-voltage electron microscopy and three-dimensional (tomographic) imaging [McEwen et al., 1992; Landis et al., 1993] indicate that apatite crystals are initially localized within the so-called hole and overlap regions proposed as critical structural units in the assembly of type I collagen molecules [Hodge and Petruska, 1963; Hodge, 1989] . Once nucleated, the crystals grow into the shape of small platelets [Weiner and Price, 1986; Weiner and Traub, 1989; Landis et al., 1993] and preferentially increase in their crystallographic c-axis length along and parallel to the long axis of collagen associated with them [Glimcher and Krane, 1968] . With further time of development, crystals in neighboring collagen fibrils become coplanar in orientation with their individual c-axes parallel to each other [Landis et al., 1993] . All these events and features of crystal nucleation, growth and development, size, shape, orientation and alignment would seem to be influenced by type I collagen, more specifically, its stereochemical nature in or near the hole and overlap zones of the protein [Landis et al., 1993; Landis and Silver, 2002; Landis et al., 2006] . In this circumstance, an analysis was undertaken of the primary, secondary and tertiary structure of type I collagen to gain additional insight into the presence of possible binding sites of calcium and phosphate ions and potential centers for apatite nucleation.
Methods
The primary amino acid sequence comprising the well accepted molecular character of the human ␣1(I) and ␣2(I) chains for type I collagen was obtained from the NIH website www.ncbi. nlm.gov/entrez/viewer.fcgi with a search on NP_000079. Molecules were modeled in two dimensions by packing five single collagen triple helical units in the quarter-staggered arrangement described by Hodge and Petruska [1963] ( fig. 1 ) and by assembling them in three dimensions (3D) in the quasi-hexagonal models of microfibrils proposed by either Hulmes and Miller [1979] ( fig. 2a) or Orgel et al. [2001] (fig. 2b ). Common sites of charged amino acids (glutamic and aspartic acid, lysine, arginine, hydroxylysine and histidine) of type I collagen were identified and their locations determined in relation to one another in the two [Lees, 1987] . microfibril models. Particular attention was given to the amino acid residues comprising the hole and overlap zones of the type I collagen molecule.
Results
On careful sequence analysis, the respective locations of the six charged amino acid residues given above were found notable in several two-dimensional features within a single type I collagen molecular segment (triple helical chain) as well as in adjacent segments. First, there are several sites in which the same amino acid is adjacent in each of the three ␣-chains of a single collagen molecule. Second, numerous sites exist in which two of the same amino acids and another of the same charge are adjacent in the three ␣-chains. Third, the same two or three glutamic and/or aspartic acid residues appear close to their counterparts of like charge along ␣-chains. Fourth, many sites can be found in which the same two or three amino acids of one charge lie close to the same two or three amino acids of opposite charge (glutamic acid and lysine or arginine residues; aspartic acid and lysine or arginine residues). Fifth, there are numerous sites in which hydroxylysine contributes charged groups in place of one of the three lysine or arginine residues common in adjacent collagen ␣-chains. As a selected example of some of the first of these features, residue 110 is identically glutamic acid in the three neighboring ␣-chains, and three aspartic acid, arginine or lysine residues are likewise common in their respective ␣-chain locations. Residues 53/54 (aspartic acid and glutamic acid) and 287/288 (both glutamic acid) are illustrative of the fact that these particular amino acids of like charge can frequently be found in close proximity. In addition, residues 554/555, 566/567 and 791/792 are three of several sites in which amino acids of one charge (glutamic acid or aspartic acid) are present near amino acids of opposite charge (lysine or arginine). The remarkably repetitive and close two-dimensional nature of the six specific charged amino acid residues becomes even more striking when they are represented in the three-dimensional collagen microfibril model. In this instance, many of the locations of these particular amino acids occupying known sites within the type I collagen hole or overlap zones defined by Hodge and Petruska [1963] describe stereochemical configurations that would bind calcium and phosphate ions and likely provide sufficient closeness to induce ion interaction and formation of apatite nucleation centers. In the Hulmes and Miller [1979] quasi-hexagonal model in the vicinity of the hole zone [Hodge and Petruska, 1963; Hodge, 1989] , for example, lysine at residue 108 and glutamic acid at residue 110 in collagen segment 1 together with glutamic acid at residue 815 and arginine at residue 816 in segment 4 (adjacent to segment 1) create a pocket that could accommodate calcium and phosphate ions in close proximity ( fig. 3) . Ion binding may also be enhanced in this same hole zone region through interactions with glutamic acid at residue 116 (segment 1), glutamic acid/arginine at residues 815/816 (segment 4), arginine at residue 350 (segment 2) and lysine and arginine/aspartic acid at residues 581/582 (segment 3). There are instances of numerous additional residues on adjacent collagen segments that are candidate binding sites in either the hole or overlap zones of the models by Hulmes and Miller [1979] or Orgel et al. [2001] . Thus, stereochemical configurations of constituent amino acid residues are present within and between collagen molecular segments of the models that would appear highly favorable to calcium and phosphate ion binding and that might in turn result in the direct formation of apatite nucleation centers.
Discussion
Collagen is widely recognized as mediating apatite formation in normally mineralizing vertebrate tissues other than enamel and in many instances of pathological or in vitro mineralization. The precise nature of collagenapatite interaction has not been completely understood, however. In this context, some studies in vitro report that collagen alone fails to bind calcium or phosphate ions in Fig. 3 . The diagram shown in figure 2a but with conceptual localization of two calcium (small filled circles) and two phosphate (large filled circles) ions in a hole zone region of the type I collagen microfibrillar model proposed by Hulmes and Miller [1979] . Ion sizes and positions are not specific and shown only as approximations.
significant number and does not mineralize Veis, 1986, 1987] . Further, roles in mineral formation have been proposed for several noncollagenous phosphoproteins and other extracellular matrix components that may associate with collagen and augment collagen-mineral interaction or bind mineral ions themselves [Curley-Joseph and Veis, 1979; Veis, 1986, 1987; George et al., 1993; MacDougall et al., 1997; Dahl et al., 1998; Ganss et al., 1999; Qin et al., 2003] . In addition, the highly complex extracellular matrices of which collagen is a part in mineralizing vertebrate tissues will most likely limit diffusion of ion clusters and macromolecules to this protein in vivo. In this instance, among several other questions, it is difficult to determine the means of mineral ion access to collagen and whether collagen surface-mediated interactions with calcium and phosphate ions contribute to apatite nucleation events [Landis et al., 1996] . These uncertainties notwithstanding, on the basis of collagen studies modeling its assembly and mineralization in 3D by high-voltage electron microscopic tomography, the suggestion has been made that collagen stereochemistry, that is, the composition and location of its specific amino acid residues and charges, may be critical in directing apatite nucleation, crystal size and shape, orientation and alignment associated with the protein [McEwen et al., 1992; Landis et al., 1993 Landis et al., , 1996 Landis and Silver, 2002] . The work reported here presents considerations of type I collagen primary, secondary and tertiary structure and stereochemistry in terms of their potential to mediate nucleation events in a microfibrillar model of the protein. Results of this investigation for the first time identify in 3D a number of type I collagen sites, alone or in close proximity and putative interaction with neighboring sites, that have properties permissive to calcium and phosphate ion binding and their potential nucleation. Such data are important conceptually, regarding not only nucleation but also further events of mineral growth and development in 3D. In a more general conclusion, the data support the view that both two-and three-dimensional structural and stereochemical templates provided by type I collagen are necessary for calcium and phosphate ion binding and subsequent apatite nucleation, growth and development. While the possible roles for other proteins and extracellular constituents of vertebrate tissues, as well as for ion and macromolecular diffusion, in these same events remain to be clarified, type I collagen alone conceptually provides a three-dimensional molecular framework for direct apatite formation. This finding is fundamental to understanding more clearly the basic mechanisms of vertebrate mineralization.
